A mathematical analysis of the pumping action of a two-chambered system has been used to develop formulas describing the changes with time in the mass and concentration of an indicator in either chamber of such a system analogous to the atrium and ventricle with either competent or incompetent valves. Such formulas show how the parameters of a system control the shape of an indicator-dilution curve. From these formulas expressions were developed which permit the analysis of the system from an indicator-dilution curve. The theory was then used to analyze dilution curves produced by a model of known parameters.
A mathematical analysis of the pumping action of a two-chambered system has been used to develop formulas describing the changes with time in the mass and concentration of an indicator in either chamber of such a system analogous to the atrium and ventricle with either competent or incompetent valves. Such formulas show how the parameters of a system control the shape of an indicator-dilution curve. From these formulas expressions were developed which permit the analysis of the system from an indicator-dilution curve. The theory was then used to analyze dilution curves produced by a model of known parameters.
T HE logical approach to the determination of chamber sizes, outputs and degree of valvular insufficiency by indicator-dilution methods should be based on an accurate and complete description of the behavior of indicator injected into the heart chambers. Although several attempts have been made to determine chamber sizes and the degree of valvular insufficiency, no satisfactory or complete theory, which takes into account all of the parameters, has been developed. 1 ' 2 Mechanical models have been used to some extent in attempts to elucidate the problem. 1 Thus the experimental design has been largely empirical and analysis of the results has been mainly by correlative rather than logical statistics.
We shall present a theory which predicts the behavior of indicator in a two-chambered system such as the atrium-ventricle, and shall show how the parameters of such a system can be deduced from an experimental time-concentration curve obtained from the system. The applicability of this theoretical solution to any experimental system would depend on how well the system fulfills the basic assumptions of the analogy or how well the conditions of the experiment allow valid data to be collected for analysis. Even if experimental conditions are not ideal, the theory will provide an accurate framework from which deviations can be accurately observed and calculated. In our presentation here we will apply the theory to an analogous functioning mechanical model which is designed to be versatile so that each parameter can be varied independently of the others and conditions described by the theory can be produced accurately.
The purpose of the model is four-fold: (1). To test the validity of the theoretical construction and solution as well as our experimental technic for making measurements. (2) . To provide experimental indicator-dilution curves from a system of known dimensions in order to show that the parameters of the system can be deduced from the curves in terms of our theory. (3) . To observe the deviations from the theoretical behavior in order to find the conditions under which the theory is applicable. The model serves as an intermediate between an unknown biologic system and the theory, so that we can see how accurately our theoretical analogy becomes a realistic similarity. Contractions are considered to be instantaneous. (4) . To provide a pedagogical tool for understanding the processes for those of us who may not be equipped to follow the construction and solution of the problems by symbolic or abstract mathematical reasoning. THEORY We shall consider first the case of two chambers in series with an incompetent valve, analogous to the left heart with mitral insufficiency or to the right heart with tricuspid insufficiency. In this way, the theoretical analysis will start with the most complex twochamber system in order to include all variables. The special case of the two chambers with a competent valve is a simpler solution to the general theory.
Since the site and method of injection (instantaneous or continuous) of the indicator, and the point of observation or sampling may vary depending on technical or biologic circumstances, we shall construct our general theory so that it can be applied to all circumstances. Indeed, it is important to show, at least in principle, that the method of injection of indicator does not change the information obtained, but merely the order of behavior of the indicator as influenced by the same parameters of the system. The choice between instantaneous or continuous injection is a matter of experimental convenience rather than a choice of information to be obtained. The same applies to the choice of a single site of injection or observation, although adding more sites of injection or sampling does increase the information obtained.
Definitions and Assumptions
The system consists of an atrium and ventricle with an incompetent valve between. The ventricle contracts, ejecting forward a volume, y E , and backward through the in-competent valve a volume, V I . The ventricle does not completely empty, but retains a residual volume, V RV . Next the atrium ejects into the ventricle a volume (F E + V t ) and retains a residual volume, F BA .
In terms of these volumes we may define the following fractions:
where a is the fraction of the total end-diastolic volume of the ventricle (F RV + F E + V x ) ejected forward, 0 is the fraction of the total end-diastolic volume of the atrium (F RA + V E + Vj) ejected forward into the ventricle and 7 is the fraction of the total end-diastolic volume of the ventricle ejected back into the atrium.
The time sequence of the pumping system is given in figure 1. The general development of the theory to follow does not depend on this time of injection but we have fixed it at the indicated time so that we may later correlate theory and experiment. We have chosen this particular zero time because a peripherally drawn curve gives information about the concentration at this time in the cycle.
The assumption is made that the injection of indicator is instantaneous and that uniform and complete mixing has occurred in each chamber before that chamber ejects. The effect of deviations from this assumption will be discussed later.
Under these conditions the following theory is developed to predict the masses of indicator in the chambers at discrete intervals of time, namely, when t equals an integer. While the masses of dye in both chambers will, in general, change each time either chamber contracts (that is, two changes for each complete cycle), this theory will give information about the state of the system only at one point in the cycle.
Derivation of the General Formulas
Instantaneous Injection. In terms of the constants denned in equation 1 we may, from the time sequence of the heart, deduce the mass of dye in the ventricle, Mi, at t = 1 from that at t = 0. This amount is just what was originally in the ventricle (at t = 0), namely, M 0 , minus that which went out when the ventricle pumped (a + 7) M o ; plus that which came in when the atrium pumped, 0(No + yMo), No being the amount in the atrium at t -0, thus
By a similar analysis we find Ni the mass of dye in the atrium at t = 1, to be
This argument is easily extended to show that for any integral value of time, the masses of dye, M t and N t , in the two chambers can be written in terms of the masses of dye present one unit of time previously and in terms of the parameters of the system, thus: Figure 2 shows these relationships graphically for both chambers. Equations 4 and 5 may be simplified by defining certain combinations of a, f$, and 7 in terms of new constants a, b, c and d. 
Equations 7 and 8 together constitute a pair of first order linear difference equations. They may be solved by the standard method of difference calculus. 3 ' 4 If the volumes of the system are such that (a -d) 2 + 4 be 5^ 0 and ad -be j± 0, which is usually the case, then the general solution of equations 7 and 8 is found to be as follows: The general functions, equations 9 and 10, may be particularized to cases of interest if we impose the appropriate initial conditions. This will enable us to evaluate the arbitrary constants ki and A; 2 . For the case of injection of mass, Mi, into the ventricle at time, t = 0, we have: If, on the other hand, the same injection is made into the atrium, the initial conditions are:
In this case, the arbitrary constants take the following values: bM; - (14) Thus equations 9 and 10 constitute general solutions of the difference equations for two chambers in series. If the dye is injected into the ventricle, the h and k 2 in these equations take on the values given in equation 12, whereas the values in equation 14 apply if the dye is injected into the atrium.
A special case of interest is that in which no regurgitant flow from the ventricle to the atrium occurs, i.e., 7 = 0. While equations 9, 10, 12 and 14 are still applicable to the system, these equations take on the following simplified forms in this case (see appendix 1, special case 1 for the case where residual volumes are equal): 
Continuous Injection. By similar analysis the general equations describing the mass of dye in the chambers when a continuous constant injection of indicator (Mi = mass per cycle) into one of the chambers is carried out. Following injection into the ventricle these equations are (see appendix 2): (16) It should be noted that equations 15 and 16 are quite similar in form to the corresponding equations, 9 and 10, for instantaneous injection, except for an additive constant. For instantaneous injection, the masses of dye in the chambers approach zero in a characteristic way while for continuous injection the masses approach the equilibrium values -' -and --' oc pot in a similar manner.
Analysis of General Equations to Determine Parameters of a System
It should be noted that equations 9 and 10 describe a sequence of numbers, the masses of dye in the chambers at integral values of t (rather than a continuous function that would give M and N at any t). A graph of these equations would be a series of points not connected by lines. It is sometimes advantageous, however, to treat the predictions of a theory graphically and we shall consider the particular solutions of equations 9 and 10 to describe continuous curves, keeping in mind that they are rigorously defined only for integral values oit. Replot of an experiment curve drawn from the "aorta" of the pump-model following "ventricular" injection. The original curve is shown in its step function form; black dots, added for clarity in reproduction. Actual measured values of the pump model were F E = 22.0 ml., Vi = 11.2 ml., VRV = 107 ml., VRA = 68 ml. 10.9 mg. of dye was injected at t = 0. The straight line portion of this curve was extrapolated to t = 0 and the extrapolated portion subtracted from the observed points (open pircfea.).
Note that both equations 9 and 10 may be expressed in the following general form, where Qt denotes the mass in either chamber at time t.
where h\, h 2 , hi and hi are functions of the parameters of the system and the initial conditions. If 1 > hi > hz > 0 and hi and /i4 > 0, then a plot of log Qt as a function of t gives a curve of the form of the solid line in figure 3 . For large values of t the curve asymptotically approaches the straight line log h^QiiY since the contributions of the h^h^) 1 term have become negligibly small. By extrapolating this asymptote backward we may subtract the log hz(hy) x component from the curve and obtain the log hi(h 3 ) 1 component. We designate these two lines as the dominant and the lesser terms respectively ( fig. 3) .
Consider now the function M t , the mass of dye in the ventricle, following an injection into the ventricle (equations 9 and 12). In terms of the above discussion applied to this 
Now if this function, M t , can be determined, we can resolve it into its two straight line components ( fig. 3 ) numerically evaluate the slopes and intercepts of these components and through equations 19, 20 and 21 compute a, j3, and 7. With these latter constants and a knowledge of one volume we then compute the other three volumes through equation 1.
If Mi units of dye were injected into the atrium, the masses of dye, M t and N t in the atrium and ventricle, respectively, would vary with time according to equations 9 and 10, the values of fci and k 2 being given in these cases by equation 14. Sets of equations analogous to equations 18 and 19 have been developed and evaluated to yield a, /3, and 7 from M t and N t curves (appendices 3 and 4).
ANALYSIS OF CONCENTRATION CURVES FOR THE DETERMINATION OF PARAMETERS
Thus far we have dealt with the dependence of mass of dye in each chamber on time. If a concentration curve is recorded accurately it should change in a stepwise fashion ( fig. 3 ) with a form identical to the mass functions described above. However, in this instance, the intercepts, h 2 and h t , are now expressed in concentration units rather than in mass units. Inspection of equation 19 will show that in this case some means of expressing h 2 in mass units (or Mi in concentration units) is needed. This is easily accomplished when the recorded curve is made from the chamber into which the injection has been made. In the case where indicator is injected in one chamber and observation carried out in another (i.e., injection into atrium, sampling from ventricle) this conversion has not yet been solved.
If we consider the case of injection of a mass of indicator M, into the ventricle and observe the concentration of indicator in the fluid ejected forward we obtain a curve of the form shown in figure 3 . This may be resolved into its two straight line components, and hi and hz may be determined from the slopes of these lines (equation 16). No conversion to mass units is needed since the slope of a mass curve is identical with that of a concentration curve.
The term h 2 of a concentration curve, however, must be converted to mass units. To do this, we note that at time t = 0, V = M-,/Ca where V is the end-diastolic volume of the ventricle (V = 7 i + 7 E + F RV ) and C o is the observed initial concentration. Thus:
Mhiimass units) = --/^(concentration units)
Co which permits calculation of hi in mass units from experimental data. Having hi, h 2 , h 3 and Mi the constants a, /?, and 7 may be computed; then knowing the total ventricular volume ( V ) and using a, /3, and 7 we may now compute the individual volumes by means of equations 1 rewritten as follows:
e-o
By a similar approach, it is shown in appendix 4 how V-E , V Y , F R V and F R A can be determined by injecting indicator into the atrium and observing concentrations of indicator in the atrium.
Resume
We considered a contractile two-chamber pump with an incompetent valve connecting the chambers. The contractions of this pump were assumed to occur instantly, and the fluids moving back and forth were assumed to mix perfectly. We then formulated difference relations for the masses of dye in the two chambers as functions of time. These relations are generally true and do not depend on how the dye came to be in the pump system so long as injection was complete before or at t = 0. By the methods of difference calculus, these equations were solved and general functions describing the mass of dye at integral instants of time in both chambers were obtained. The general functions were then particularized to cases of special interest, namely, mass in the ventricle and in the atrium following injection into the ventricle, and mass in the atrium and ventricle following injection into the atrium. Next smooth curves through points described by the functions were shown to consist of two components, each of which is linear on a semilog plot. A component is characterized by a slope, hi or h 3 , and an intercept, h 2 or hi. It was then demonstrated that from these slopes and one intercept, h 2 , one could "work backwards" from a mass-time curve and determine for each stroke the fraction of fluid ejected forward by the ventricle (a), the fraction of fluid ejected backward by the ventricle (7) , and the fraction of fluid ejected forward by the atrium (/3). From these fractions and a knowledge of one of the four volumes involved (i.e., V E ) the other three volumes could be determined.
On the other hand, if a concentration-time curve is observed, in some cases all four volumes can be determined from this single curve.
In order to check the validity of the theory and as a first step in investigating its applicability to biologic systems, dilution curves were measured from the mechanical heart previously described. 5 With this apparatus, the various volumes of equations 1 could be measured directly and compared with those calculated from our theory as applied to a dilution curve. METHODS A functioning mechanical model 5 of the heart was employed for obtaining dilution curves from a system with known parameters. Residual volumes of the atrium and ventricle were measured volumetrically by filling and emptying the chambers when they were at their smallest volume. Forward output was measured by timed collection of the output and was checked within 2 per cent. Regurgitant flow was measured by subtracting the forward flow when insufficiency had been introduced from the forward flow with no insufficiency present. Thorough mixing was insured by motor driven stirrers in each chamber (this was checked by injection of a known quantity of dye during diastole and comparing the initial concentration with that expected from the measured diastolic volumes). The model was run at 38 strokes/min. which allowed time enough to insure complete mixing. Known quantities of dye (indigo carmine) were injected into the model and time concentration curves recorded by methods previously described. 6 The time response of the sampling system to a "square wave" input was 90 per cent response in 0.2 sec, which accurately reproduced the step function of the curves. Rapid injection was made into the ventricle during ventricular diastole and sampling carried out immediately above the "aortic" valve.
In order to insure that the single exponential portion of the curve had been reached and in order to avoid readings at extremely low concentrations two injections were carried out. The first injection produced a curve with concentrations entirely within the linear range of the densitometer system and the earlier points were read from this curve. Then a second injection of approximately four times as much dye was made, resulting in a curve which was out of linear range for the peak points but enabled reading of the later points at higher concentration than from the first curve. These points were corrected for the differences in amount injected and a composite curve, which was an average of three or more such curves, was plotted. The curves were then analyzed as described in figure 4 .
RESULTS
An experimental curve is shown in figure 4 and results from analysis of four such curves are given in table 1. It is seen that the experimental and theoretical values of V i , V nv , V E , and FRA are for the most part in good agreement. The greatest divergence between the directly measured volumes and those calculated from the curves occurs in the values of V t . In this case, it is likely that the calculated values are in error. V x is strongly dependent on the slopes of the component curves ( fig. 3 ). In typical situations, a 1 per cent error in either slope will produce an error of 10 per cent or more in the calculated value of Vi. In graphical interpretation of data, measured slopes can only be determined at best to within about 1 per cent. Hence the large errors (up to 28 per cent) in Vi are probably inherent in the method, in part because of the limited accuracy of graphical methods. This mathematical description of the behavior of indicator in a two-chambered contractile system such as the atrium and ventricle demonstrates some fundamental factors in indicator-dilution. It shows how the shape of an indicator-dilution curve is controlled by the volumes in which the indicator mixes. Since the curve is controlled by these volumes, it is apparent that the shape of any curve can be predicted from the parameters and, conversely, that the parameters of a system in some cases can be calculated from a curve produced by that system. Of vital importance is the complete dependence of the shape of the curve (which would affect both slope and mean circulation time) on both residual volumes and flow volumes. This implies that any method for measuring regurgitant volumes which is based on the shape of the curve must take into account the residual volumes. Thus the final exponential downslope of a curve from such a system may be dominated primarily by either residual or regurgitant volume although each still exerts its effect.
Of some interest is the behavior of the regurgitant volume, which acts in varying degrees as a residual and a flow volume. Careful examination of the formulas (varying the regurgitation with other values constant) will show that an increase in regurgitant volume will increase the rate at which the final limiting slope is reached but will decrease this final slope. That is, the larger the insufficiency the more rapidly is the indicator distributed between the chambers but the slower it is moved forward from the final chamber. On the other hand, when the atrium residual volume is decreased the indicator is distributed more quickly but the final slope is now increased. When the atrium residual volume is zero, the regurgitant volume exerts an effect identical with the ventricular residual volume. Thus the regurgitant volume is acting both as a residual and a flow volume.
Comparison of the formulas for instantaneous and continuous injection shows that the same information is obtained following both types of injection. The fact that the slopes in the formulas are the same after either type of injection indicates that following constant injection, the concentration of indicator in a chamber approaches an equilibrium concentration at the same rate that the concentration approaches zero following an instantaneous injection.
Any practical application of these principles will depend on two factors: technic and how far the biologic system differs from the theoretical model used for the development of these equations.
The determination of the volumes in a system from a single dilution curve is extremely sensitive to distortion and demands extreme accuracy in technics of sampling and recording. 6 Although this accuracy is possible in models, some improvement in technic may have to be developed for biologic application where long sampling catheters are needed. 7 How far this-model differs from the biologic system and, more important, how much this affects the calculation of the parameters from a single curve have not been defined. Certainly the problem of mixing, inherent in all dilution methods is present. However, as long as any mixing is constant with each stroke, the analysis should yield volumes that are "mixing volumes" rather than anatomic volumes. Irregularity of rhythm will affect the results only through changes in volume from beat to beat, and how much this would affect the "average" slopes and volumes it is difficult to say. Extension of the single curve method to more than one site of injection or sampling offers some promise of more accuracy. For example, a method of measuring regurgitant flow by sampling in the atrium and aorta following ventricular injection has previously been presented. 6 The derivation of this area method has been confirmed using the present theory (appendix 5). Since the area method for measuring regurgitant volumes is more accurate under the same circumstances than the one presented here the combination of the two methods allows the most accurate complete description of the parameters of the system.
In conclusion, it can be said that the parameters of a system control the shape of a dilution curve in a predictable way. Any method of measurement of volumes within a system using indicator-dilution curves must be based on logical principles of prediction. SUMMARY A general theory has been constructed which describes the behavior of indicator injected into a pumping system analogous to an atrium and ventricle with competent or incompetent valves. This covers cases involving varied sites of injection, sites of sampling, and method of injection (instantaneous or continuous). Expressions have been developed from this theory which permit determination of the parameters of a system from a curve produced by the system. The theory has been applied to analysis of time-concentration curves obtained from a mechanical model by an accurate sampling and recording method to predict the parameters of the system (chamber sizes, outputs and degree of valvular regurgitation). The parameters of a fluid flow system control the shape of a dilution curve in a predictable way. Any method of measurement of volumes within a system by using indicator-dilution curves must be based on logical principles of prediction and an accurate experimental design and technic for obtaining the curves.
SUMMARIO IX IXTERLIXGUA
Esseva construite un theoria general que describe le comportamento de un indicator injicite a in un systema de pumpation analoge al systema atrio-ventricular con valvulas competente e con valvulas incompetente. Isto es applicable al situationes correspondente a varie sitos de injection, a varie sitos del obtention de specimens, e a varie methodos de injection (i.e. instantanee o continue). Super le base de iste theoria, le expressiones esseva disveloppate que permitte determinar le varie parametros del systema per medio de un curva que es producite per le systema. Le theoria esseva applicate al analyse de curvas de tempore e concentration, obtenite ab un modello mechanic per un methodo accurate de obtener specimens e de effectuar registrationes, con le objectivo de predicer varie parametros del systema (i.e. le dimensiones del cameras, le magnitudes del rendimento, e le grados del regurgitation valvular). Le parametros de un systema de fluido in fluxo determina le conformation del curva de dilution in un maniera que es predicible. Omne methodo pro le mesuration de volumines intra un systema, utilisante curvas del dilution de un indicator, debe esser basate super logic principios de prediction e un accurate programma e un accurate technica experimental pro obtener le curvas.
APPENDIX 1

Solutions of the Difference Equations 7 and 8
We have the following simultaneous linear difference equations If the quadratic equation 4 has two distinct roots> i.e., if (a + d) 2 -4 (ad -be) * 0, and if both roots are different from 0, i.e., (ab -be) ^ 0, then the general solution of equation 4 is given by equation 9 in the text. The solution for N t may then be found by substituting AT t into equation 1, giving equation 10 in the text.
Special Case 1: Roots of Equation 4 Equal
If equation 4 has a double root, that is, (a + d) 2 -4 (ad -6c) = 0, then the general solution of equation 3 is given by:
and Nt by:
where fci and k2 are arbitrary constants.
The arbitrary constants may be determined in the case of interest by imposing the appropriate initial (boundary) conditions. For ventricular injection the boundary conditions are given by equations 11 in the text. Applying these conditions to equations 5 and 6, we find that: (1 -a) ' (10)
Similarly, for atrial injection, we find from equations 9 through 11 that: Another special case of importance is that in which ad -be = 0. The second order equation 3 then becomes:
which is of the first order. 10 The general solution of equation 14 is as follows: 
For atrial injection, the initial conditions are:
Evaluation of the arbitrary constant in the same way as for the ventricle case gives the expression:
If we write out the condition:
ad -be = [1 -(a + 7)] (1 -0) = 0 (22) we see that it holds only i f a + 7 = l o r / 3 = l, or both. In terms of volumes these correspond, respectively, to VR V = 0, or y E A = 0, or both.
APPENDIX 2
Continuous Injection of a Mass Mi per Cycle
Injection Into the Ventricle. For this case let us take integral time as occurring just before ventricular stroke and injection is assumed to begin at time t = 0. The masses of dye in the two chambers at any time t + 1 are given in terms of that at t by: 
the arbitrary constants ki and ki may be evaluated by requiring that M t and 2V t satisfy the initial conditions, Mo = No = 0-Using these conditions we find that:
Equations 3 and 4 with equations 5 and 6 complete the solution for injection into the ventricle.
Injection Into the Atrium. For this case we take the time scale so that integral points in time occur just after an atrium contraction. Again injection starts at time t = 0.
By reasoning analogous to that used in the ventricular case, the initial difference relations are: M t+1 = M t -(a + 7)Aft + jS(i\r,-r^A/t + Af,)
= aM t + bN t + bMi 
Afip
If we require that M Q = A^o = 0, then the constants fc : and /c 2 are:
Equations 9, 10, 11 and 12 give the complete solution for injection into the atrium. APPENDIX 3 Solution for a, /3 and y for Injection into Atrium, Sampling in the Ventricle (Peripherally) Slopes and intercepts for this mass curve are:
Solving these together, we get:
Using /3 as given by equation 2, a and y are given in terms of h , h.3 , and /3 by equations 18 and 19 of the text. APPENDIX 4 Determination of V t , F RA , F R V , and V E by Injecting into the Atrium, Sampling in the Atrium In this case, we use a slightly different time scale from that shown in figure 1. Time, / = 0 is now chosen immediately after an atrial contraction rather than just before a ventricular contraction. However, since the new end points of the time intervals fall within the same part of the cycle as did the former ones, the original difference equations and their solutions (see equations 4-14 in text) nevertheless apply.
In this case, it is found that: (1)
hi -h 3
From equations 1 above, we obtain:
As in appendix 3, a and y may be found in this ease by substituting this value of /3 in equations 20 and 21 in the text.
If a concentration curve is obtained experimentally, it is necessary to convert this to a mass curve for the determination of A 2 in mass units. We make use of the fact that in this case, C\, the concentration of dye in the atrium at t = 1, immediately after atrial contraction (which is assumed to be instantaneous) will be equal to the concentration in this chamber just before contraction. In the latter case, the concentration is simply related to M-, and the end-diastolic volume of the atrium, V, by the simple relation:
From this value of V and a, /3 and y found above, the volumes of the system may be calculated from equation 23 in the text. APPENDIX 5 
Derivation of Lacy's Equation for Determination of Regurgitant Volume
To check our theory, we sought to use it to derive a relation which Lacy had recently determined by more direct methods. 5 He has shown that for ventricular injection, the ratio of the areas under the time-concentration curves for the atrium and the ventricle following instantaneous injection into the ventricle has a simple relation to the ratio of the flow volumes, VJ/VE • Let us consider the manner in which the functions Mt and ,/Vt following injection into the ventricle may be plotted. We recall that they are denned only for integral values of time. First for ventricular mass, let us suppose that M t has the value M o for all t such that 0 S i S 1, il/j for 1 < / g 2, M 2 for 2 < I S 3, etc. The area under this curve is then just the sum of the areas of the rectangles M t units high and (t + 1) -t = 1 units across or 2,°Lo M t . If we plot N t , the mass of dye in the atrium, in the same way, the area under this curve will be 2£= 0 Nt • The ratio, R', of the area under the atrial curve to that under the ventricular curve is:
The right member of equation 1 has been found by expressing i¥ t and N t according to equations 9, 10, 12 and 14, and noting that the series obtained are convergent geometric ones. Equation 1 will be more useful if we change from areas under the mass curves to areas under the corresponding concentration curves. This may be done simply by dividing Mt and Nt by the volumes in which they are dissolved. Referring to figure 1, we see that at integral values of time the volume of fluid in the ventricle is FRV + F E + Vi , and that in the atrium is FRA . The ratio may now be written in terms of concentration as follows: Hence if F E can be measured and the two concentration curves obtained, the regurgitant volume F r can be found.
